ABSTRACT Switchgrass (Panicum virgatum L.) is a promising herbaceous energy crop, but further gains in biomass yield and quality must be achieved to enable a viable bioenergy industry. Developing DNA markers can contribute to such progress, but depiction of genetic bases should be reliable, involving simple additive marker effects and also interactions with genetic backgrounds (e.g., ecotypes) or synergies with other markers. We analyzed plant height, C content, N content, and mineral concentration in a diverse panel consisting of 512 genotypes of upland and lowland ecotypes. We performed association analyses based on exome capture sequencing and tested 439,170 markers for marginal effects, 83,290 markers for marker × ecotype interactions, and up to 311,445 marker pairs for pairwise interactions. Analyses of pairwise interactions focused on subsets of marker pairs preselected on the basis of marginal marker effects, gene ontology annotation, and pairwise marker associations. Our tests identified 12 significant effects. Homology and gene expression information corroborated seven effects and indicated plausible causal pathways: flowering time and lignin synthesis for plant height; plant growth and senescence for C content and mineral concentration. Four pairwise interactions were detected, including three interactions preselected on the basis of pairwise marker correlations. Furthermore, a marker × ecotype interaction and a pairwise interaction were confirmed in an independent switchgrass panel. Our analyses identified reliable candidate variants for important bioenergy traits. Moreover, they exemplified the importance of interactive effects for depicting genetic bases and illustrated the usefulness of preselecting marker pairs for identifying pairwise marker interactions in association studies.
S
witchgrass is a perennial herbaceous crop which has been selected by the US Department of Energy as a model biomass crop for sustainable energy production in the United States (Sanderson et al., 1996) . In North America, natural populations and cultivars of switchgrass are characterized by a strong differentiation by ecotype: the lowland ecotype is adapted to southern and coastal conditions, whereas the upland ecotype is adapted to northern conditions, being relatively resistant to cold and drought (Lowry et al., 2014; Casler et al., 2015) .
Genetic improvement for biomass yield components and quality traits can contribute to increasing the profitability of bioenergy industries (Parrish & Fike, 2005) . In switchgrass, yield components may include plant height (Price & Casler, 2014) , whereas quality traits may include aboveground concentrations for the following components: (i) C, which reflects energy content in combustion and, besides lignin, potential ethanol yield in fermentation (Huber et al., 2006) ; (ii) N, with low aboveground concentrations indicating high N use efficiency and/or high availability of N in roots, both of which translate into sustainable use of N (Parrish & Fike, 2005; Yang et al., 2009) ; and (iii) minerals, which reflect the fraction of dry matter that cannot be converted to energy and potentially causes slagging of reactors in combustion systems (Miles et al., 1993) .
Improvement for yield components and quality traits may rely on selection based on genomic markers, which has the potential to drastically reduce cycle times in breeding, especially in perennial crops like switchgrass (Hayes et al., 2013) . This technology aims at using genomic markers to capture the genetic basis of traits. Within a randomly mating population, a genetic model based on marginal effects (additive effects with no consideration for interactions) will estimate the breeding values of individuals with respect to the loci assayed. Such values are of direct interest to breeders and evolutionary geneticists (Falconer and Mackay, 1996) and may parsimoniously capture genetic variation (Hill et al., 2008; Mäki-Tanila and Hill, 2014) . However, despite the conceptual justifications for marginal effects and their statistical advantages, purely additive genetic models are not necessarily relevant in heterogeneous panels. The extent to which marginal effects are affected by nonadditive effects in a purely additive genetic model depends on allele frequencies at the underlying causal variants (Cheverud and Routman, 1995; Hill et al., 2008; Mäki-Tanila and Hill, 2014) . Thus, considering only the additive effects in genetic analyses may result in poor replicability over studies, especially in species such as switchgrass which are under strong ecotypic differentiation (Zhang et al., 2011; Evans et al., 2015) . Assessing not only additive effects of loci but also their interactions with genetic factors may prove useful for a more robust depiction of genetic bases. Such interactions include marker × population interactions as well as epistatic interactions, particularly linear synergies between two loci [i.e., additive × additive (A × A) interactions]. The detection of A × A effects may be hindered by the necessary correction for multiple testing (Wei et al., 2014) . To alleviate this restriction on detection power, various methods have been proposed, including preselection of marker pairs relying on criteria about the markers such as marginal effects (Marchini et al., 2005; Kooperberg and LeBlanc, 2008) , functional annotations (Ritchie, 2011; Ma et al., 2012) , or linkage disequilibrium (LD) (Lewinger et al., 2013; Pecanka et al., 2017) .
In this research, we conducted a genome-wide association study on a diverse sample of cultivars and natural accessions of switchgrass of mostly northern origin, similar to the sample analyzed by Grabowski et al. (2016) . We assessed additive and interactive effects of genomic markers derived from exome-capture sequencing, for plant height and concentrations of C, N, and minerals. The interactive effects assessed included marker × ecotype interactions and A × A effects. Preselection of markers pairs prior to A × A tests was based on single-marker analysis (SMA), gene ontology (GO) annotation about biological processes (Ashburner et al., 2000) , and LD tests for co-occurrence of marker genotypes within each ecotype.
MATERIALS AND METHODS

Panels
The panel used for detecting marker effects was the northern association panel (NAP) described in Lu et al. (2013) and Evans et al. (2015) , comprising 512 clonally propagated genotypes from 66 accessions and belonging to six putative populations of different ecotypes (U, upland; L, lowland) , ploidy levels (4x, tetraploid; 8x, octoploid), and geographical origins (S, south; W, west; N, north; E, east) as follows: U4x -N (135 plants), U8x-W (128 plants), U8x-E (97 plants), U8x-S (10 plants), L4x -NE (106 plants), and L4x -S (36 plants) (Lu et al., 2013; Evans et al., 2015) .
Marker effects detected in the NAP were confirmed in the southern association panel (SAP), described in Acharya (2014) and Evans et al. (2018) , comprising 426 clonally propagated genotypes corresponding to 36 accessions with up to 15 individuals per accession. Individuals in the SAP were not assigned a priori to populations.
Marker Data
Exome capture sequencing of individuals were performed as described previously (Evans et al., 2014 (Evans et al., , 2015 . Reads were initially examined for quality with FastQC version 0.11.5 (http://www.bioinformatics.babraham. ac.uk/projects/fastqc) and trimmed with CutAdapt version 1.9.1 (Martin, 2011) . Reads were aligned to the P. virgatum reference genome [version 3α (https://phytozome. jgi.doe.gov/) and version 4.1 (https://phytozome.jgi.doe. gov/pz/portal.html#!bulk?org=Org_Pvirgatum_er)] with BWA-mem version 0.7.12r1039 (Li, 2013) with the -M and -c100 flags set. Reads were sorted with PicardTools version 2.1.1 (http://broadinstitute.github.io/picard) SortSam and MarkDuplicates. Pileup files were generated with Samtools version 1.3.1 (Li et al., 2009 ) mpileup with base alignment quality disabled and map quality adjustment disabled. Single nucleotide polymorphisms (SNPs) were called with custom Perl scripts, requiring a minimum read mapping quality score of 30 and a minimum base quality score of 20. Indels were not processed. The resulting SNP loci were retained and converted to coordinates in version 4.1 of the genome if (i) they were biallelic and (ii) no more than 25 individuals had an allele present in a single read or in less than 5% of reads.
Genotypes for each SNP were called by using the expectation-maximization algorithm of Martin et al. (2010) fitted in each accession separately, under the assumption of disomic inheritance. Although the assumption of disomic inheritance is supported in switchgrass for tetraploid genotypes (Okada et al., 2010; Li et al., 2014) , it does not hold for octoploid genotypes, which would presumably exhibit tetrasomic inheritance. We did not adapt the algorithm of Martin et al. (2010) to accommodate possible tetrasomic inheritance, as the sequencing depth was deemed to be insufficient for calling intermediate heterozygotes with high enough accuracy. Indeed, the average sequencing depth was 29.7 and 29.0 reads per SNP (SDs of 14.8 and 14.0) in the NAP and the SAP respectively, well below the minimum depth of 60 to 80 recommended by Uitdewilligen et al. (2013) for accurately calling intermediate heterozygous genotypes in tetrasomic individuals.
The resulting marker data matrix consisted of the expected allelic dosages (the sums of alternate allele counts, between 0 and 2, weighted by their posterior probabilities). For a given set of individuals assayed, the SNPs were filtered according to the following criteria: (i) no missing values; (ii) an estimated error rate from the algorithm of Martin et al. (2010) lower than 5%; and (iii) a minor allele frequency (MAF) strictly greater than 0.02 and a variance of expected allelic dosages strictly greater than 2(0.02)(1-0.02). The resulting marker data matrix X consisted of the expected allelic dosages at 853,730, 860,586, and 849,561 markers, respectively for the NAP, the SAP, and the combination of both panels. Sequencing depths at selected markers were 29.7 and 28.9 among 4x individuals and 29.6 and 29.3 among 8x individuals in the NAP and the SAP respectively, with the differences observed between ploidy levels being significant but small and inconsistent across panels (Supplemental Fig. S1 ).
Biological Information about the Gene Models
Gene model annotation at SNP loci was obtained with ANNOVAR version 2016.02.01 with version 4.1 gene annotations downloaded from Phytozome (Goodstein et al., 2011) . Homology of gene models to Arabidopsis thaliana (L.) Heynh. genes was determined by alignment of primary protein sequences to the A. thaliana reference genome (TAIR10) by BLASTP (Altschul et al., 1997) with the default parameters from Phytozome; only homologs with experimental evidence for their function, a sequence identity higher than 60%, and an e-value < 1 × 10 -100 were reported. Gene ontology biological process annotations were analyzed for semantic similarity via the method of Wang et al. (2007) based on GO graphs, implemented in the R package GOSemSim (version 2.2.0; Yu et al., 2010) . Semantic similarities between GO terms and genes were computed by the best-match average metric (Azuaje et al., 2006) . Expression information about gene models associated with SNP loci was obtained from the microarraybased P. virgatum gene expression atlas, which consisted of normalized transcript levels on a log 2 scale in various tissues at different developmental stages for lowland switchgrass genotypes grown under controlled conditions (in a greenhouse, at 16:8h, 29:24°C day/night cycles in absence of stress) (Zhang et al., 2013) . The primary coding sequences of the gene models were mapped to transcripts in the gene expression atlas via BLASTN (Altschul et al., 1990) applied to the set of switchgrass unitranscripts (PviUT version 1.2; http://switchgrassgenomics.noble.org/). Unitranscripts were also mapped to gene models by using BLASTN applied to the P. virgatum reference genome version 4.1, from Phytozome with the default parameters.
Phenotypic Data
Individuals in the NAP were assayed between 2011 in Ithaca, NY [42.4499°N, 76.4606°W ; Niagara silt loam (fine-silty, mixed, active, mesic Aeric Endoaqualfs), 56 kg N ha -1 fertilization in spring], in a sets-in-reps design, with two replicates per individual and 10 sets within each replicate, each set comprising at most one individual from each of the 66 accessions in the NAP (Lu et al., 2013; Evans et al., 2015) . Individuals in the SAP were assayed between 2012 and 2014 in Ardmore, OK [34.1120°N, 97.5376°W; Wilson silt loam (fine, smectitic, thermic Oxyaquic Vertic Haplustalfs), 112 kg N ha -1 fertilization in spring] in a randomized complete block design with three replicates. Plants were spaced by 0.9 m (3 feet) and 1 m in the NAP and the SAP respectively, to alleviate possible neighbor effects.
The following traits were measured in the NAP and the SAP: plant height (PH), C content, N content, and mineral concentration (Ash). Plant height was measured in cm as the height from the ground to the top of the tallest tiller. The quality traits (C and N contents, and Ash) were predicted (in mg g -1 ) by near-infrared reflectance spectroscopy as described in Vogel et al. (2011) . Genotype means were estimated as fixed effects in linear mixed models, fitted by ASREML-R (Gilmour et al., 2009) , which accounted for random effects of replicates, years and -in the NAP -sets (Supplemental File S1). For quality traits, genotype means were adjusted for phenology, as reflected by heading date, measured in day of year as the time when at least 50% of panicles had emerged (in the NAP) or when at least three panicles had fully emerged (in the SAP). Because of missing data, genotype means could not be inferred for one genotype for PH in the NAP, 10 genotypes for PH in the SAP, and 24 genotypes for quality traits in the SAP.
Structure Analyses
Principal Component Analysis
Principal component analysis was performed on the X matrix (consisting of the expected allelic dosages) in the NAP, the SAP, or both panels combined. The first four principal components (PCs) were chosen to depict population structure. In the SAP, individuals were assigned to putative population clusters by linear discriminant analysis based on the first four PCs from the NAP for population (U4x-N, U8x-W, U8x-E, U8x-S, L4x-NE, or L4x-S) or ecotype (upland or lowland).
Linkage Disequilibrium Analysis
Linkage disequilibrium was characterized by correlations between the expected allelic dosages adjusted for population structure and relatedness, following Mangin et al. (2012) (Supplemental File S2) . LD values (r 2 ) were then compared with physical distances, determined from positions in version 4.1 of the P. virgatum reference genome.
Null Genomic Model
For a given panel and trait, the null genomic model consisted of regressing genotype means on population structure (the fixed effects of the first four PCs) and background genetic effects (random effects with relationships proportional to ′ XX ) (Supplemental File S3). The null genomic model was fitted by restricted maximum likelihood using the R package rrBLUP (Endelman, 2011) . In the NAP, adjusted means at one genotype for C content and Ash were removed, because of outstanding deviations from the model (Supplemental Fig. S2 ).
To estimate genomic and phenotypic correlations among traits in a given panel, and genomic correlations between panels for a given trait, the null genomic model was extended to multiple outcomes, corresponding to genotype means for multiple traits or panels. The multitrait models were fitted with GEMMA (Zhou and Stephens, 2014) and the multipanel models were fitted with ASREML-R (Gilmour et al., 2009 ).
Association Analyses
Association analyses were performed on the NAP and consisted of assessing the additive and interactive effects of SNP markers. In the tests presented below, multiple testing was controlled by the false discovery rate (FDR) of Benjamini and Hochberg (1995) . Prior to the association tests, markers were filtered with respect to two criteria: MAF and the variance of marker dosage after accounting for population structure (i.e., the residual variance of marker dosages after regression on the first four PCs), hereafter referred to as the "residual variance" of markers.
To avoid artificial inflation in the association tests, some extreme values were removed from the phenotypic data in the NAP: two genotype means for PH and one genotype mean for C content (in addition to the putative outlier mentioned above) (Supplemental Fig. S2 ). Genotypes means were considered too extreme and were removed if their corresponding conditional residuals from the null genomic model, standardized as in Santos Nobre and da Motta Singer (2007), were more than four standard units away from zero. We also investigated the potential for non-normality to influence significance in tests for marginal effects and marker × ecotype interactions by considering the p-values based on quantile-transformed genotype means (Supplemental File S3). In the SAP, there were extreme values, particularly for PH and N content (Supplemental Fig. S3 ) but these were not obvious outliers, so we did not remove them in confirmation (see below).
Marginal Marker Effects
The markers in X assayed for marginal effects were those with a MAF strictly greater than 0.05 and a residual variance strictly greater than 2(0.02)(1-0.02) in the whole NAP set. Thus, 439,170 SNP markers were tested for marginal effects. The marginal effect of each marker was estimated by regressing the genotype means on the marker allele counts as the fixed effect of expected allelic dosages while accounting for population structure and background genetic effects, as in the null genomic model (Supplemental S3). Marginal effect models were estimated with the R package lrgpr (version 0.1.9) and tested based on a Wald χ 2 -test (Hoffman et al., 2014) .
Marker × Ecotype Interactions
Markers assayed for interactions with ecotype were those with a MAF strictly greater than 0.05 and a variance strictly greater than 2(0.02)(1-0.02) within each of the two ecotype groups in the NAP. Thus 83,290 markers were tested for ecotype-dependent effects. The interactions of each marker with ecotype were estimated by incorporating a fixed marker × ecotype interaction into the marginal effect model (Supplemental File S3). Marker × ecotype interactions were estimated with the R package lrgpr (version 0.1.9) and tested based on a Wald χ 2 -test (Hoffman et al., 2014) .
Additive × Additive Marker Effects: Screening
Markers assayed for A × A interactions were those tested for ecotype-dependent effects that also had a MAF strictly greater than 0.25 in the whole NAP set. Thus, m = 39,859 markers were considered for A × A interactions.
To avoid the burden from testing all possible 794,350,011 2
pairs of markers for epistatic effects, a subset of marker pairs was preselected before being tested. Marker pairs were preselected with liberal thresholds, based on: (i) SMA screens; (ii) analysis of GO terms involving SMA-selected markers (GO screens); and (iii) analyses of LD between markers (LD screens). In SMA screens, markers were tested for an effect in either of the two ecotypes. For a given trait, marker pairs preselected for epistatic tests were all pairs involving the markers with FDR ≤ 0.5 from a two-degree-of-freedom Wald χ 2 -test on the additive effect and marker × ecotype interaction (Supplemental File S4). In GO screens, pairs were preselected based on semantic similarity between markers, with respect to their GO gene annotation for biological processes. The genes deemed to be biologically related to a SMA-selected marker were those with a semantic similarity above 0.4 for any of the GO terms about the gene(s) associated with the SMA-selected marker (whenever available). The semantic similarity was the metric of Wang et al. (2007) described above and a threshold of 0.4 was set as recommended by Bettembourg et al. (2015) . For each SMA-selected marker, preselected pairs were those involving the selected marker and the markers associated with its biologically related genes. In LD screens, correlations in allelic dosage among markers were tested for outstandingly high values, in a given subset of individuals, accounting for population structure, genetic relatedness, and physical linkage. Under the rationale that A × A epistasis translates into coselection of markers, exceptionally high LD values (r 2 ) may suggest A × A epistasis. Preselection of marker pairs based on LD was performed in two distinct sets of individuals corresponding to ecotypes: 142 lowland individuals and 370 upland individuals. Tests for high LD were based on Fisher-transformed r 2 values, standardized by their variance, modeled as an inverse function of physical distance (Supplemental File S4). A pair of markers was preselected if the p-value from a χ 2 -test on the standardized Fishertransformed r 2 was lower than a Bonferroni family-wise error rate of 0.5, [i.e., 0.5 2
Additive × Additive Marker Effects: Testing
For a given pair of markers among the preselected marker pairs, the A × A marker effect of the pair was assessed by incorporating a fixed marker × marker interaction into a model accounting for population structure (fixed) and background genetic effects (random), as well as additive marker effects (fixed) and marker × ecotype interactions (fixed) for each of the markers in the pair (Supplemental File S3). Additive × additive interactions were estimated with a custom R script and were tested via a Wald χ 2 -test, with variance components estimated based on the null genomic model, as in the EMMAX approach of Kang et al. (2010) .
Additive × Additive Marker Effects: Comparison to Random Preselection of Marker Pairs
To assess the ability of screening methods to preferentially preselect significant marker pairs, the p-values obtained from preselected marker pairs from each screening method were compared with random preselection of the same number of pairs with a similar pairing structure (e.g., for comparisons with SMA screens, preselected pairs were all pairwise combinations involving a random subset of markers). The distribution of p-values obtained from the actual preselected pairs were compared with those from the 20 random sets via the following metrics: (i) the genomic inflation factor, as the ratio of the observed median of the Wald χ 2 -test statistics over the expected median from a χ 2 distribution with one degree of freedom (Devlin et al., 2001) ; (ii) the skewness, with positive values indicating bias toward lower p-values compared with a uniform distribution; and (iii) the minimum FDR in the set. The first two metrics assessed the general propensity of the screens to preselect significant marker pairs, whereas the third metric characterized their ability to preselect highly significant marker pairs.
Selection of Candidates and Confirmation of Associations in the SAP
Markers effects with a FDR ≤ 0.05 in the NAP were deemed to be significant. For each significant marker, the explained proportion of variation for the genotype means, conditional on population structure and genetic relatedness, was quantified by the R 2 LR statistics based on the maximum likelihood ratio between the marker association model and the null genomic model (Magee, 1990; Sun et al., 2010) . Furthermore, significant marker effects were assessed for confirmation of their effect in the SAP. For a given type of effect (marginal effect, marker × population interaction, or A × A effect), significant markers present on the same chromosome were trimmed by including them together in one model and performing model selection by minimizing the Bayesian information criterion based on maximum likelihood while ensuring that the marker with the most significant effect remained in the model. The markers that were within 20 kb and in high LD with the significant markers ( 2 0.5 r ≥ ) were also assessed for effects in the SAP. Effects were confirmed by one-sided Wald z-tests which assessed significance of effects as well as their qualitative consistency from the NAP to the SAP. All models about the significant markers were fitted with the rrBLUP package (Endelman, 2011) .
Data Availability
Genotypic data (raw and processed SNP matrix files) and phenotypic data (raw phenotypic measurements and estimated genotype means) for this study are available at the Dryad Digital Repository under doi:10.5061/dryad. km22nh0.
RESULTS
Population Structure in Panels
Together, the first four PCs in the NAP explained more than 38% of the variation in the marker data ( Fig. 1) . Most individuals in the NAP aggregated into five clusters, corresponding to the two lowland populations (L4x-NE and L4x-S) and three upland populations (U4x-N, U8x-E, and U8x-W), but another population, U8x-S, showed mixed ancestry (Evans et al., 2015; Grabowski et al., 2016) . The ecotype and population membership in the SAP and the ecotype of U8x-S individuals in the NAP were inferred by linear discriminant analysis on the first four PCs in the NAP: 240 and 186 individuals in the SAP were classified as lowland and upland, respectively; 104, 129, 17, 10, 139, and 27 SAP individuals were assigned to L4x-NE, L4x-S, U4x-N, U8x-E, U8x-W, and U8x-S, respectively; finally, U8x-S individuals in the NAP were confirmed as upland.
Phenotypic Variation within Panels
The range in the mean values of accessions was quite similar between the NAP and the SAP for PH, C content, and Ash (Table 1) . For N content, such range differed across panels, with higher values in the NAP, which was unexpected, given the lower fertilization rate in the NAP (56 kg N ha ). Genomic additive (hereafter, genomic) variation reflected the genome-wide additive effects of markers after accounting for population structure. All traits studied displayed high genomic variation in both panels, with the exception of PH in the SAP: the estimated genomic heritability was 0.35 for PH in the SAP but was above 0.58 for all other combinations of trait and panel (Table 2 ). Genomic correlations between traits suggested some shared genetic basis for C content, N content, and Ash to an extent that depends on the environment; conversely, PH seemed quite genetically distinct from the three other traits (Table 2) .
Consistency in Genomic Variation and LD across Panels
Patterns of LD decay, based on the markers common to both ecotypes, were similar in the NAP and the SAP, with a sharp decrease in correlation between markers, such that on average r 2 was lower than 0.10 for physical distances above 6.6 kb in the NAP and 7.1 kb in the SAP (Supplemental Fig. S4a,b) . Linkage disequilibrium values were also quite consistent across panels (R 2 : 0.84; Supplemental Fig. S4c) . However, the estimated genomic correlation across panels was not necessarily high for all traits. For N content, it was low and negative; for C content and Ash, it was quite high (³0.82) but was not deemed to be significantly different from zero according to a likelihood ratio test (Supplemental Table S1 ). Conversely, the estimated genomic correlation across panels was very high (almost 1) and significant (p < 0.01) for PH. Therefore, the inconsistencies across panels for genomic additive effects, ] were adjusted for mean heading date in each panel. ‡ Accessions refer to groups of individuals of similar origin, up to 10 individuals in the northern association panel (NAP) or up to 15 individuals in the southern association panel (SAP). § Populations are designated by ecotype (U, upland; L, lowland), ploidy level (4x, tetraploid; 8x, octoploid), and geographical origin (S, south; W, west; N, north; E, east). ¶ The significance of differences was inferred from a one-way ANOVA for genotypes means on population groups. Lowercase letters refer to different significance groups within panels based on least significant differences at a 5% level.
# PH, plant height in cm. dependent on traits, seem to be predominantly caused by genotype × environment interactions, rather than differences in LD patterns between the NAP and the SAP.
Marginal Marker Effects
In this study, SNP markers were tested in the NAP for association to PH, C content, N content, or Ash. Marker effects with a FDR lower than 0.05 were deemed to be significant. Besides association results, we used confirmation of effects in the SAP, homology with experimentally validated A. thaliana genes, and the expression data from the gene expression atlas of Zhang et al. (2013) as further evidence for the actual effect of significant markers.
In tests for marginal effects, four markers for C content (1N/70995666, 5K/26898353, 5N/10757408, and 9N/17707955) and one marker for Ash (5N/15226177) were deemed to be significant (Table 3) . For C content, the genomic inflation factor of 0.99 suggested no inflation of significance but there was an excess of low p-values, which may indicate the presence of false positives (Fig. 2) . Quantile-transformation of genotype means, which ensured the normality of the data, only partially reduced this excess (the genomic inflation factor was 1.02; Supplemental Fig. S5 ).
For C content, 1N/70995666 had supportive homology and expression information. This marker was an intronic SNP in Pavir.1NG314100, homologous to the CRYPTOCHROME 1 gene in A. thaliana (65.3% identity, e-value = 0), which has been shown to respond to blue light and subsequently contribute to various processes , e e is the residual covariance. All variances and covariances were estimated by restricted maximum likelihood. § PH, plant height; C, C content; N, N content; Ash, mineral concentration. : Proportion of variation explained by the marker(s) based on a maximum likelihood ratio between the model of marker association and the null genomic model (Magee, 1990; Sun et al., 2010) . such as inhibition of hypocotyl elongation (Ahmad et al., 1995) and promotion of flowering time (Exner et al., 2010) . Interestingly, according to the gene expression atlas, expression levels associated with Pavir.1NG314100 were significantly higher during elongation in leaf tissues (sheath and blades) (Supplemental Fig. S7 ), which points to the involvement of Pavir.1NG314100 in plant growth but not necessarily in flowering. For Ash, the one marker deemed to be significant in the NAP, 5N/15226177, had supportive expression information. This marker was in the 3'-untranslated region (UTR) of Pavir.5NG124200, encoding a putative APETALA2 binding domain, which is reportedly involved in floral development (Okamuro et al., 1993) or seed formation (Ohto et al., 2005) . According to the gene expression atlas, expression levels associated with Pavir.5NG124200 were consistently high across tissues and developmental stages, with significantly higher levels during germination, elongation, and seed development (Supplemental Fig. S7 ). In addition, expression levels associated with Pavir.5NG124200 showed a gradual increase during seed development from 0 to 30 d after pollination, which would indicate some involvement of 5N/15226177 in seed formation.
Marker × Ecotype Interactions
The quantile-quantile plot of p-values from tests for marker × ecotype interactions showed some inflation of significance for PH and N content (genomic inflation factors of 1.13 and 1.09, respectively) and some decrease in significance for C content and Ash (genomic inflation factors of 0.76 and 0.92, respectively; Supplemental Fig.  S6 ). Intriguingly, quantile transformation of genotype means did not result in reduced inflation for PH and N content (genomic inflation factors of 1.14 and 1.11, respectively; Supplemental Fig. S6 ), suggesting that the excess of low p-values for these traits must have resulted from other factors than non-normality, perhaps artifacts from among-population variation for these two traits (Table 1) . Quantile transformation only partially reduced the decrease in significance for C content and Ash (genomic inflation factors of 0.85 and 0.95, respectively; Supplemental Fig. S6 ).
Despite the tendency towards inflation of significance in PH, three markers clearly stood out as significant for this trait: 1N/5781535, 2K/76597647, and 4N/55017987 (and four other markers linked to 2K/76597647; Fig. 3 ). Marker 1N/5781535 had supportive homology information. This marker was in the 3'-UTR of Pavir.1NG054900, putatively encoding a DNA-binding domain characteristic of bZIP motifs, but was also in the 3'-UTR of Pavir.1NG055000, homologous to the MEDIATOR 18 gene in A. thaliana, which has been shown to strongly impact flowering time by interacting with key flowering time genes, namely FLOWERING LOCUS C and AGAMOUS (Zheng et al., 2013 )(73.8% identity, e-value = 1.9 × 10 -107 ). Finally, this marker showed some confirmation in the SAP, with moderate significance (p = 0.039; Supplemental Table S2 ). Importantly, Pavir.1NG054900 and Pavir.1NG055000 mapped to the same transcript in the gene expression atlas, which suggests that these two (hypothetical) genes may actually correspond to one unique coding sequence. Marker 2K/76597647 had supportive homology information. This marker was an intronic SNP in Pavir.2KG418400, homologous to the ARABIDOPSIS THALIANA CYTOCHROME P450 REDUCTASE (ATR) 2 and ATR1 genes in A. thaliana (Urban et al., 1997) (72.7% identity and e-value = 0 for ATR2; 71.5% identity and e-value = 0 for ATR1). Importantly, ATR2 has been shown to encode a cytochrome P450 reductase that transfers electrons from reduced nicotinamide adenine dinucleotide phosphate to cytochrome P450 oxidases involved in lignin biosynthesis through the phenylpropanoid and monolignol pathways (Sundin et al., 2014) . Though ATR2 and ATR1 catalyze the same reaction, ATR1 is constitutively expressed in A. thaliana and is less likely to affect lignin biosynthesis specifically (Mizutani and Ohta, 1998; Sundin et al., 2014) . Unfortunately, expression data about Pavir.2KG418400 were not available from the gene expression atlas: the only transcript from the atlas that mapped to this gene actually aligned better to Pavir.2NG472900, another putative cytochrome P450 reductase gene, presumably homeologous to Pavir.2KG418400. The third marker that was significant for PH, 4N/55017987, had supportive expression information. This marker was in the 3'-UTR of Pavir.4NG333100, containing a putative C 3 HC 4 RING domain, involved in proteolysis via ubiquitination (Lorick et al., 1999) . According to the gene expression atlas, the expression levels associated with Pavir.4NG333100 were significantly higher during anthesis and after fertilization (5 d after pollination), which suggest a potential role of this gene in flowering (Supplemental Fig. S7 ).
Additive × Additive Marker Effects
From the three screening methods (SMA, GO, and LD screens), 311,445 (PH), 198,960 (C content), 208,470 (N content), and 191,543 (Ash) marker pairs were preselected prior to testing for A × A effects. In the SMA screens, only 109, 7, and 13 markers were selected for PH, C content, and N content (none of the markers assayed was selected for Ash), resulting in 5886, 21, and 78 marker pairs preselected for epistatic tests for these three traits, respectively. Compared with random preselections, the SMA screens resulted in significantly higher genomic inflation and skewness for PH and significantly higher genomic inflation for C content; however, the lowest p-values from the SMA screens were within the range of the p-values from random preselections (Table 4 , Fig.  4 ). In the GO screens, significant markers from SMA were paired with up to 6736 markers for PH, up to 3312 markers for C content, and up to 4641 for N content, resulting in 114,302, 7397, and 16,866 preselected pairs, respectively. Surprisingly, the GO screens did not result in any improvement over random preselections based on genomic inflation, skewness, or minimum FDR (Table 4 ).
For C and N contents, the p-values from the GO screens were generally below the average quantile from random preselections [higher values of -log 10 (p)] but for PH, the GO screen was clearly not useful for increasing the proportion of effectual markers among the preselected pairs (Fig. 4) . In the LD screens, the tests accounted for population structure and relatedness, but also the physical linkage of markers, such that the threshold for detecting outstandingly high marker correlations was higher as the markers were closer together on the same chromosome (Fig. 5) . Such tests resulted in more marker pairs being preselected in the lowland set (148,180 pairs) than in the upland set (46,433 pairs), with 191,543 preselected marker pairs in total. Compared with random preselections, the LD screen resulted in significantly higher genomic inflation and skewness for PH; however, for C and N contents, the LD screens actually resulted in significantly lower genomic inflation and skewness (Table 4) , although the lowest p-value quantiles were generally near or below the average quantiles from random screens (Fig. 4) . For Ash, p-values were often above those obtained from random preselections but the two most significant marker pairs from the LD screen actually had low p-values close to the corresponding minima over random preselections (Fig. 4) .
Across traits, three marker pairs appeared to be significant for A × A effects: two marker pairs for C content, 2K/27354293 × 2N/87794380 (Pair A) and 1K/72051660 × 2N/7693200 (Pair B); and two marker pairs for Ash, Pair A and 4N/48130189 × 9K/7638971 (Pair C) (Fig. 4) . Pair B and Pair C were selected because of their high LD in the lowland ecotype only (lowland: r 2 of 0.27 and 0.19 for Pair B and Pair # Single marker analysis (SMA) assessment of markers in single-marker models and preselection of pairs among significant markers; GO, preselection of pairs involving significant markers from SMA and markers that are similar with respect to their gene ontology annotation on biological processes; LD, preselection of marker pairs showing outstandingly high linkage disequilibrium in either ecotype; PH, plant height; C, C content; N, N content; Ash, mineral concentration. ) in allelic dosage between markers, adjusted for population structure and relatedness. Markers considered are those with a minor allele frequency (MAF) higher than 0.25 across ecotypes, a MAF higher than 0.05 in each ecotype, and residual variance (variance of markers after accounting for population structure) higher than 2(0.02)(0.98) in each ecotype. Populations are labeled by ecotype (U, upland; L, lowland), ploidy levels (4x, tetraploid; 8x, octoploid), and geographical origins (S, south; W, west; N, north; E, east). Lowland: populations L4x-NE and L4x-S (142 individuals); Upland: populations U4x-N, U8x-E, U8x-W, and U8x-S (370 individuals). The blue curve corresponds to the expected value of r 2 from a gamma regression fitted on pairs of markers less than 100 kb apart. The red points correspond to the marker pairs preselected by the LD screen for subsequent testing of additive × additive effects. Red dashed lines indicate the significance thresholds used in LD screens, corresponding to a liberal Bonferroni family-wise error rate of 0.5. C, respectively; upland: r 2 < 0.01 for both pairs). The FDR of Pair A was above 0.05 (0.078) over all preselected pairs for C content (Table 3) . However, its FDR was quite low (0.029) when only considering marker pairs preselected by the GO screen. Besides, Pair A had supportive expression information. Marker 2K/27354293 was an exonic synonymous SNP in Pavir.2KG242100, putatively encoding a glycosyl hydrolase (Family 31), and 2N/87794380 was an exonic nonsynonymous SNP in Pavir.2NG492600, putatively encoding a serine carboxypeptidase (EC 3.4.16.5) ( Table 5 ).
According to the gene expression atlas, expression levels associated with Pavir.2KG242100 and Pavir.2NG492600 were significantly correlated (correlation: 0.58; p = 0.00057). This correlation, mostly driven by low expression in the shoot during establishment and high expression during seed development, would suggest coregulation of these two genes and possibly their common involvement in seed metabolism (Fig. 6) . Pair B showed very good statistical evidence for A × A effects on both C content and Ash: its FDR over all preselected pairs was below 0.05 for both ). ¶ Gene annotation: annotation from Phytozome (Goodstein et al., 2011) . # Markers selected in the southern association panel (SAP) [i.e. the most significant markers among those within 20 kb of markers selected in the northern association panel (NAP) and with an r 2 higher than 0.5] that are different from those selected in the NAP. † † PH, plant height; C, C content; N, N content; Ash, mineral concentration; SNP, single nucleotide polymorphism; UTR, untranslated region; S, synonymous; NS, nonsynonymous; GO, gene ontology annotation; N/A, no unitranscript (PviUT version 1.2) was mapped to the corresponding gene model; FAD, flavin adenine dinucleotide; ATP, Adenosine triphosphate; ABC, ATP-binding cassette; AP2, APETALA2; NADPH, reduced nicotinamide adenine dinucleotide phosphate. traits (Table 3) and it showed confirmation in the SAP (p = 0.014 for C content; p = 0.053 for Ash; Supplemental Table S2 ). Moreover, Pair B had some supportive homology and expression information. Marker 1K/72051660 was an intronic SNP in Pavir.1KG470700, homologous to the TRIPHOSPHATE TUNNEL METALLOENZYME (TTM) 2 and TTM1 genes in A. thaliana (Ung et al., 2014 (Ung et al., , 2017 ) (70.1% identity and e-value = 0 for TTM2; 66.7% identity and e-value = 0 for TTM1). These genes encode the TTMs involved in distinct functions: TTM2 is an inhibitor of systemic defense responses (Ung et al., 2014) and TTM1 is an activator of leaf senescence (Ung et al., 2017) . The other marker in Pair B, 2K/7693200, was a nonsynonymous SNP in Pavir.2NG058200, putatively encoding a cyclophilin-type isomerase (EC 5.2.1.8), typically involved in protein folding (Fischer et al., 1989) . According to the gene expression atlas, expression levels of Pavir.1KG470700 and Pavir.2NG058200 were significantly correlated (correlation: 0.59; p = 0.00052) (Fig. 6) . These expression levels were generally low in roots and high in the shoot, suggesting possible constitutive expression in aboveground tissues (Supplemental Fig. S7 ). Biological information about Pair C did not suggest any particular mode of interaction, since 9K/7638971 was associated with a gene with no putative function. However, 4N/48130189 had supportive homology and expression information of noteworthy significance for Ash. This marker was an intronic SNP in Pavir.4NG274300, homologous to the allantoate amidohydrolase (AAH) gene in A. thaliana (Todd and Polacco, 2006 ) (66.7% identity and e-value = 0). The AAH gene is involved in the first step of a ureide pathway that recycles allantoate, a product of purine catabolism (Werner et al., 2010) . The expression levels of Pavir.4NG274300, according to the gene expression atlas, indicated expression in all tissues, with significantly lower levels during establishment in the shoot and during floral development, which might be consistent with an effect on purine turnover (Todd and Polacco, 2006) .
DISCUSSION
Improvement of Screening Methods for Testing A × A Effects
In marker pair preselection by single-marker models (in the SMA and GO screens), we proved that the single-marker statistics used for preselecting markers were asymptotically independent from the test statistics in A × A tests, under three conditions (Supplemental File S5): (i) the single-marker models must be nested within the A × A model, (ii) the genotype means must be normally distributed under the A × A model, and (iii) the same ratio of genetic-to-residual variance must be used in the single-marker and A × A models. Therefore, under the assumption of normality for genotype means, the SMA screens would not inflate the Type I error rate in subsequent tests. Furthermore, the GO screens would also be valid Zhang et al. (2013) . Correlations were assessed by the Pearson product-moment coefficient for each pair of genes associated with markers exhibiting significant A × A effects; p-values were obtained from a t-test. Samples correspond to experiments (e.g., seed germination) and developmental stages (e.g., 24 h). Error bars indicate SD across biological replicates.
as preselection methods, since they only involve GO annotation information in addition to significance in marginal models. However, it is not clear to what extent preselections based on single-marker effects would be robust to deviations from normality. Kooperberg and LeBlanc (2008) showed by simulations that Type I error was well controlled when marginal tests were used for preselecting marker pairs, even under logistic regression models where the assumption of normality is not met. However, more simulation studies would be useful for assessing the validity of such preselection methods in more diverse settings. In our study, the screening methods used for preselecting marker pairs in A × A tests did not always show a significant improvement over random preselections (Table 4 , Fig. 4 ). However, they may prove useful in other studies, as implemented or with additional adjustments. There are several ways in which the screening methods could be improved. In SMA screens, other cutoff values than FDR ≤ 0.5 or different significance criteria (e.g., the p-value or the test statistic) could have been used. The threshold for the significance criterion could have been treated as a tuning parameter (Pecanka et al., 2017) or chosen on the basis of power analyses for each trait (Dai et al., 2012) . Similarly, in GO screens, other thresholds than a similarity of ≥ 0.4 and other similarity metrics (e.g., a metric based on information content; Lin, 1998) could have been used. Finally, in LD screens, marker pairs could have been tested for their difference in LD from one population group to another, as was proposed by Zhao et al. (2006) for the analysis of epistatic interactions in case-control studies; such population groups would then need to be chosen for their difference in the phenotype under assay, based on extraneous information independent from the dataset under study.
Consistency of Marker Effects across Population Backgrounds
Few markers deemed to be significant in the NAP showed significant confirmation in the SAP (only two effects with p ≤ 0.05; four with p ≤ 0.10; Supplemental Table S2 ). However, a lack of confirmation should not necessarily justify ruling out markers as candidates, since our confirmation tests were restrictive. Indeed, the two panels were assayed in different environments (the NAP in Ithaca, NY, between 2009 and the SAP in Ardmore, OK, between 2012 and 2014) and the interaction between causal variants and environmental factors (especially location and/or management) probably resulted in differences in the effects of causal variants across panels. Therefore, future studies would be necessary to replicate marker effects in similar environmental conditions and also to assess the robustness of marker effect estimates to other factors than marker × environment interactions. For example, inconsistencies in marker effect estimates across populations may be caused by differences in LD between markers and quantitative trait loci. Such inconsistencies also include genetic confounders; here, we chose to focus on additive effects because of their statistical relevance and their contribution to breeding values (Hill et al., 2008; Crow, 2010; Mäki-Tanila and Hill, 2014) but dominance effects could have been investigated as well. Such analyses would imply either the need to focus on disomic (or tetraploid) individuals with large enough sample sizes or to include tetrasomic (or octoploid) individuals with high enough genotyping accuracy. The latter would be useful for a better understanding of tetrasomic genetic bases but would require sequencing depths that are high enough to call intermediate heterozygous genotypes accurately (Uitdewilligen et al., 2013) . Future studies could focus on a few sequenced loci (candidates based on this study and/or others) to reach at least 60 reads per marker and estimate the interaction effects involving groups of two, three, or four alleles within any given locus (Endelman et al., 2018) . Finally, inconsistencies in marker effect estimates across populations may be caused by estimation errors. In particular, the lack of resolution in genotype calling for tetrasomic individuals must have resulted in larger residual variation in association models. Indeed, inaccuracy in genotype calling, as reflected by the posterior variance of allelic dosages, was significantly higher for 8x individuals than for 4x individuals: in the NAP, 0.0020 vs. 0.0003; in the SAP, 0.0018 vs. 0.0006 (Supplemental Fig. S1 ). Furthermore, genotypic variation among simplex, duplex, and triplex classes could result in unexplained variation if these intermediate classes were collapsed into a single heterozygous class, namely when genotype classes are "diploidized" (Grabowski et al., 2016; Endelman et al., 2018) .
Marker effect estimates could differ across ploidy levels because of the abovementioned increase in residual variation caused by "diploidization," but also because of dominance effects in intermediate heterozygous classes (Endelman et al., 2018) and actual differences in gene effects caused by genome doubling (e.g., by different gene expression levels) (Parisod et al., 2010; Van de Peer et al., 2017) . However, our association tests were performed on the whole NAP sample rather than subsets by ploidy level, so that their detection power would be presumably highest and any significant effects would be consistent over ploidy levels. Accordingly, the estimates of significant markers in the NAP were qualitatively similar (same sign of regression coefficients) between the whole sample and subsets restricted to either 4x or 8x individuals (274 and 238 individuals respectively; Supplemental Table S3 ). As expected from the lower genotype calling accuracy for tetrasomic individuals, effects were generally less significant in 8x than in 4x individuals, but effects in the whole sample were almost always more significant in the whole sample than in either subset (Supplemental Table  S3 ), in accordance with our motivation for including 4x and 8x individuals together in the association tests.
Biological Information about Marker Effects
Although no significant effect could be detected for N content, significant marginal effects and A × A effects could be detected for C content and Ash. For PH, interaction with ecotype was a necessary consideration for identifying significant marker effects. Of the 12 marker effects identified by association tests in the NAP, seven effects seemed to be particularly relevant according to additional sources of information such as homology and/ or expression data. Homology with A. thaliana genes and expression data from the atlas of Zhang et al. (2013) were useful for proposing plausible functions of the genes associated with significant markers. Furthermore, the expression data were valuable for corroborating the A × A effects, under the rationale that coexpression indicates the involvement of genes in common pathways.
The homology of Pavir.1NG314100 to CRYPTO-CHROME 1 suggested that 1N/70995666 may act on C content via effects on morphogenesis and/or flowering time in response to blue light. Interestingly, according to the gene expression atlas, the expression levels of Pavir.1NG314100 were significantly higher in leaf tissues during elongation, consistent with the prominent role of CRYPTOCHROME 1 in de-etiolation in A. thaliana (Guo et al., 1998; Liu et al., 2016) . Future studies would certainly be useful, not only to confirm the effect of Pavir.1NG314100 on elongation but also to explore potential effects on other processes such as flowering (Exner et al., 2010) or stomatal development (Kang et al., 2010) .
Of the three markers exhibiting significant marker × ecotype interactions for PH, two markers were associated with genes showing evidence for their effects on flowering. The possible effects of Pavir.1NG055000 (associated with 1N/5781535) and Pavir.4NG333100 (associated with 4N/55017987) on flowering are consistent with the fact that flowering time is generally positively correlated with PH in switchgrass because the accumulation of biomass typically stops at flowering (Van Esbroeck et al., 1997) . Consistently, on the basis of marker × ecotype interactions fitted to the data of Lipka et al. (2014) , 1N/5781535 and 4N/55017987 both showed marker × ecotype interactions with respect to anthesis date, with no effects in upland types (p > 0.1) and negative effects of alternate alleles in lowland types (p = 0.012 and p = 0.013, respectively).
The homology of Pavir.2KG418400 to ATR2 suggested that 2K/76597647 could act on PH by affecting lignin biosynthesis. The ATR2 gene would be relevant to PH, since atr2 mutations in A. thaliana resulted in reduction in plant height and stem weight (Sundin et al., 2014) . However, ATR2 would also impact the biomass composition, since the biomass of atr2 mutants had lower lignin content, different lignin composition, and lower recalcitrance to saccharification (hydrolysis of cellulose to glucose prior to fermentation) (Sundin et al., 2014) . Therefore, it would be interesting to study Pavir.2KG418400 for its potential effect on biofuel quality in switchgrass.
The markers 4N/48130189 (associated with Pavir.4NG274300) and 9K/7638971 (associated with Pavir.9KG081000) exhibited a significant A × A effect on Ash. There was no biological information about Pavir.9KG081000, but the homology of Pavir.4NG274300
to AAH suggested a possible effect on Ash via the pathway in which the ureide allantoate is degraded into reusable sources of C and N (Zrenner et al., 2006) . Importantly, ureides serve as storage and/or transport compounds and are likely to be involved in senescence-related processes in A. thaliana as well as in switchgrass (Zrenner et al., 2006; Brychkova et al., 2008; Palmer et al., 2015) . Therefore, Pavir.4NG274300 may act on Ash and other traits related to senescence through purine catabolism.
Markers 1K/72051660 (associated with Pavir.1KG470700) and 2N/7693200 (associated with Pavir.2NG058200) exhibited significant A × A effects on C content and Ash, which were corroborated by the coexpression of Pavir.1KG470700 and Pavir.2NG058200 according to the gene expression atlas. Pavir.1KG470700 was homologous to two related genes in A. thaliana: TTM2 and TTM1. Though highly similar (>90% similarity in their CYTH and uridine kinase domains), these two genes are likely to be involved in distinct and independent processes: TTM2 was shown to repress systemically acquired resistance (Ung et al., 2014) , whereas TTM1 was shown to promote leaf senescence, particularly under dark conditions (Ung et al., 2017) . Both of these processes are plausible mechanisms by which Pavir.1KG470700 and Pavir.2NG058200 may impact C content or Ash.
Though they are subject to overestimations resulting from selection with stringent significance thresholds (Beavis, 1998; Xu, 2003) , the proportions of variance explained by significant markers, in the 2 to 8% range after accounting for population structure and relatedness (Table 3) , may be high enough for consideration in prediction analyses. Besides, the confirmation in the SAP of the marker × ecotype effect of 1N/5781535 for PH and the A × A effect of 1K/72051660 × 2N/7693200 for C content provided additional support for their usefulness in marker-based selection. Finally, the possible implications of significant markers in processes as relevant as flowering time, lignin synthesis, plant growth, and senescence make them suitable candidates for follow-up biological studies on bioenergy traits in switchgrass. Supplemental Fig S1. Density plots of sequencing depth and posterior variance at selected markers in the northern association panel (NAP) and the southern association panel (SAP). Sequencing depth: number of reads observed at selected SNPs averaged over individuals, by ploidy level. Posterior variance: variance of the allelic dosage at selected SNPs averaged over individuals, by ploidy level. Significance was assessed by paired t-tests. Supplemental Fig S2. Normal quantile-quantile plots of residuals from the null genomic model in the northern association panel (NAP), conditionally on Q and X, standardized as in Santos Nobre and da Motta Singer (2007) (Eq. 2.4). Filled red circles: presumed outliers in C and Ash (removed from all analyses). Open red circles: extreme values in PH and C, removed from association analyses (conditional residuals are more than four standard units away from zero). Open black circles correspond to the data filtered for association tests (after presumed outliers and extreme values were removed). Supplemental Fig S3. Normal quantile-quantile plots of residuals from the null genomic model in the southern association panel (SAP), conditionally on Q and X, standardized as in Santos Nobre and da Motta Singer (2007) Normalized expression levels, on a log 2 scale, of transcripts related to genes of interest. Normalized expression levels are based on the gene expression atlas of Zhang et al. (2013) . Developmental stages are germination (G1, G2, G3, G4), plant establishment (V1, V3, V5), elongation (E4), flowering (R4, R5), and seed development (S0, S1, S2, S3, S4). Supplemental File S1. Estimation of genotype means. Description of linear mixed models used for inferring genotype means used in association testing. Supplemental File S2. Linkage disequilibrium corrected for population structure and relatedness. Description of the metric used for estimating correlations in allelic dosage between markers, adjusted for population structure and relatedness. Supplemental File S3. Genetic association models. Description of linear mixed models used for testing marker effects in association testing. Supplemental File S4. Screening for epistatic marker effects. Description of screens used for preselecting marker pairs prior to tests for A × A effects. Supplemental File S5. Asymptotic independence of the statistics in single-marker tests and tests on epistatic marker pairs. Proof and discussion on independence between A × A statistics and single-marker statistics in SMA and GO screens. Supplemental Table S1 . Genomic correlation between P. virgatum association panels. The genomic correlation between panels was based on a multivariate extension of the null genomic model, and was estimated directly by restricted maximum likelihood. The p-value was derived from a likelihood ratio test and tested the hypothesis that there was no consistency in genomic additive effects from the northern association panel (NAP) to the southern association panel (SAP) (genomic correlation set to zero). Supplemental Table S2 . Significance of marker effects in the northern association panel (NAP) and the southern association panel (SAP). Markers were deemed to be significant if they had a FDR lower than 0.05 for any given trait, based on association analyses performed in the NAP on untransformed data. In the NAP, p-values are inferred from a Wald χ 2 -test; in the SAP, p-values are inferred from a one-sided Wald z-test testing for consistency in the effect from the NAP to the SAP. Supplemental Table S3 . Effects of significant markers in the northern association panel (NAP). Markers were deemed to be significant if they had a FDR lower than 0.05 for any given trait, based on association analyses performed in the NAP on untransformed data. Effect and significance of markers were estimated based on the NAP (All; n = 512), tetraploids only (4x; n = 274), or octoploids only (8x; n=238); p-values are inferred from a Wald χ 2 -test. R 2 LR : Proportion of variation explained by the marker, based on a maximum-likelihood ratio between the model of marker association and the null genomic model.
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